Ordinary attritor milling of elemental metallic powders under atmospheric condition was utilized to prepare desirable amount of powders for thermal spraying. The effect of different BPR (Ball to Powder weight Ratio) has been investigated in terms of nitridation during milling. To investigate the effect of heat treatment on the formation of dispersed phases, heat treatment to the powder was performed as well. Titanium aluminide coatings with carbonitride dispersed phases were successfully fabricated by low pressure plasma spraying. The hardness and specific wear of the coatings prepared by the powders with different milling conditions was measured so as to investigate the effect of the content of dispersed titanium based carbonitride phases. Experimental results show that the formation of dispersed carbonitride phases depends strongly on milling condition, irrespective of heat treated powders or thermal sprayed coatings, and directly affects the mechanical properties of the coatings. Compared with the phase composition of heated powders and corresponding thermal sprayed coatings, it seems that the temperature of processing the MA powders is also a decisive factor on the phase formation, especially carbonitride phases and oxide phase.
Introduction
Intermetallic compounds have aroused great interest during the last decade due to their attractive properties for potential high temperature applications. In particular, titanium aluminides, which are blessed with exceptional combination of properties such as low density, high corrosion and oxidation resistance, and high temperature strength, are promising candidates for structural components in highspeed aircraft and reusable launch vehicles. However, the Achilles' heel of these intermetallics-poor room temperature (RT) ductility and toughness has prevented the widespread application of these materials. In order to improve or overcome their RT ductility, a lot of approaches have been tried. Among these, aggressively, extreme grain size refinement by mechanical alloying (MA) [1] [2] [3] is one of the most practical processing philosophies. Moreover, as is well known, to prepare intermetallics as coatings is one of the best ways to avoid the workability problem, which is caused by RT ductility, encountered in the conventional rolling process.
A lot of investigation has been carried out in terms of MA of powder mixtures of pure titanium and aluminum. [4] [5] [6] [7] [8] [9] [10] [11] The effect of the milling parameters such as milling tools, different milling atmosphere, different combination of powders and the addition of different process control agent (PCA's), was widely investigated. Most of the results show that amorphization should be accomplished after long time milling under Ar atmosphere, which is in good accordance with the theoretical calculation. 5) However, some researchers reported that a phase with fcc structure (TiN) might be formed while the milling was conducted under Ar atmosphere, due to the ineffective seal of the milling tools. [6] [7] [8] [9] Additionally, TiC (fcc structure) was also obtained due to the decomposition of PCA's during mechanochemical synthesis of elemental Ti and Al powder mixture. 10, 11) It is obvious now that nitride and carbide contamination phases are easily formed due to the inherent nature of Ti as a reactive metal.
2)
It is worth mentioning that most milling equipments like shaker milling, planetary ball milling and tumbler ball milling, used by those researches were not acceptable for industrial applications due to the limitation of the total powder yield. Instead, the ordinary attritor milling, a simple, yet efficient, and scalable way, is capable to provide more feedstock for wider or deeper researches and applications. On the other hand, thermal spraying offers a novel and economical method of fabricating titanium aluminide coatings. During thermal spraying, the powder particles are heated, and the molten and half molten particles are accelerated, striking the substrate, deformed to lamellae, and building up a coating eventually. Low pressure plasma spraying (LPPS) is a promising way for excluding the disturbances of the atmosphere during thermal spraying. 12) Inside the chamber filled with low pressure inert gas, dense, adherent and homogeneous coating can be easily formed. Attempts have been tried to disperse the nitride particles to titanium aluminide to improve its mechanical property. Yuki et al. 13) investigated the casting of titanium aluminide alloys under N 2 atmosphere. The precipitates of nitride were found to be effective in refining the TiAl/Ti 3 Al lamellar grains. Tsunekawa et al. 14) prepared the titanium aluminide matrix in situ composite coatings by reactive low pressure plasma spraying (RLPPS). Nitrogen plasma was applied in this reaction synthesis process, which resulted in the formation of the in situ reinforcement. Moreover, Hoshiyama et al. 15) has reported that nitride and carbide dispersed composite coatings were fabricated by LPPS using Ar/H 2 plasma. The powder feedstock was prepared by ball milling of elemental titanium and aluminum powders under nitrogen atmosphere. However, only limited information was provided about ball milled powders and the effect of milling condition on the final nitride phase formation of the coatings.
The objective of the present research is to investigate the nitridation progress of the powder mixture of elemental * Graduate Student, Toyohashi University of Technology Materials Transactions, Vol. 47, No. 7 (2006) pp. 1717 to 1722 Special Issue on Thermal Spraying #2006 Japan Thermal Spraying Society titanium and aluminum powders milled by ordinary attrior under atmospheric condition, and the effect of the milling conditions on the final nitride phase formation of the coatings fabricated by LPPS. In addition, the heat treated attritor milled powders were also studied so as to investigate the temperature effect on final phase formation.
Experimental Procedures
Elemental powders of Ti (>99:9%, <45 mm) and Al (>99%, <150 mm) in the atomic ratio of 50:50 were used as starting materials. With the same amount of milling media (SUJ2 balls, 9.6 mm in diameter, 12 kg) and PCA'S (methanol, 10 g), attritor milling was conducted under atmospheric condition, respectively, for three batches of powders of different weight of starting materials in various milling time, namely, SM 100 (BPR (Ball to Powder weight Ratio), 120:1), SM 200(BPR, 60:1) and SM 300(BPR, 40:1).
Heat treatment of as prepared powders was performed using the same heating condition. Under flowing argon atmosphere, as prepared powders were annealed for 10 min at 1200 C. After sieving, as prepared powders with particle size less than 53 mm were employed as spraying feedstock. The chamber of LPPS system was evacuated to a pressure less than 0.5 kPa before spraying. The coatings were fabricated onto grit blasted Ti-6Al-4V substrate using the following parameters: primary gas, Ar: 50 L/min, secondary gas, He: 10 L/min, power: 19.2 kW, pressure during spraying: 13.3 kPa, spraying distance: 200 mm, preheating time: about 10 sec, spraying time: 3 min. After spraying, the substrate was naturally cooled down to room temperature inside the chamber filled with inert gas.
The phase compositions of powders and coatings were determined by X-ray diffraction (XRD) using Cu K radiation. The relative intensity ratio of phase (relative amounts of the phase) was evaluated according to XRD data using the following method: The relative intensity ratio of the phase is equal to the peak intensity of that phase (main peak) divided by the sum of peak intensity (main peak only) of all the phases appeared in the same XRD pattern. The microstructure of the powders and coatings was characterized by scanning electron microscopy. Transmission electron microscopy was occasionally used for precise identification of grain size and phases with respect to as prepared powders. The microhardness of the cross section of the coatings was measured by a Shimadzu HMV-2 Micro-Hardness Tester. Hardness test for each coating was performed 12 times using a load of 100 g to ensure obtaining a reasonably average value. An Ohkoshi type wear machine was used to evaluate the wear resistance of coatings. Wear testing conditions were friction distance: 200 m, friction velocity: 1.97/s, final load: 63 N. Figure 1 shows the XRD pattern of each powder (SM 200) milled by ordinary attritor for various hours. With increasing milling time, the XRD peaks exhibit broadening and peak intensity decreasing, which caused by refinement of crystalline size and development of lattice strain resulted from the significant disordering during mechanical alloying. However, the diffraction peak at 2 % 35 (Ti(100)), which was supposed to be following the peak intensity decreasing tendency of another two Ti peaks (Ti(002) (2 % 38 ), Ti(101) (2 % 40 )) if the Ti(Al) solid solution were exclusively formed, remains relatively intense. Therefore, the intense peak at 2 % 35
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is not due to either elemental phase. Keskinen et al. 11) reported the presence of TiH 1:924 and TiC phase in Ti-Al powder mixtures mechanically alloyed with organic PCA's. The traces of these two phases are observable in accordance with the XRD patterns of as milled powders (Fig. 1) . On the other hand, the expected peaks for TiN phase, whose positions are indicated by dot line in the figure, became more evident with increasing milling time. According to the JCPDS data, 16) the coexistence of TiH 1:924 , TiC and TiN with Ti makes it difficult to verify each phase in XRD pattern. Presumably, metastable phases-TiH 1:924 and Ti(N, C) were gradually formed, due to the decomposition of the PCA's (methanol) and aggressive involvement of the atmosphere (N 2 ) in the course of mechanical alloying.
XRD patterns of MA 25 h powders milled with different BPR-120:1 (SM 100), 60:1 (SM 200) and 40:1 (SM 300), are shown in Fig. 2 . In the case of SM 100, it is obvious that a phase with fcc structure was formed. Further evidence can be provided by its TEM observation results as shown in Fig. 3 . Along with fine grains (<10 nm), the fcc structure was distinctively present according to the associated electron diffraction pattern of MA 25 h powders (SM 100). Figure 4 illustrates the relation between content of light elements (N, C) as measured through chemical analysis and the average grain size of MA 25 h powders milled with different BPR as estimated by Scherrer's equation. As is well known, X-ray peak broadening method-Scherrer's equation is acceptable if only interested in the trend of change of grain size with milling condition.
2) With increasing BPR, the average grain size of corresponding powders decreases, while the N and C content of corresponding powders increases. It is concluded that higher milling energy (higher BPR) would result in higher efficiency in terms of grain size refinement. Consequently, higher content of picked up N and C element could be achieved because of the availability of new fresh faces with larger surface area.
It is worth noting the O content of the as milled powders. As shown in An intuitive illustration of the phase evolvement of the heat treated powders with respect to milling time is shown in Fig. 7 . With increasing MA time, the relative intensity ratio of and 2 gradually decreases, while that of Ti 2 Al(N, C) increasing significantly and that of Al 2 O 3 increasing slightly. It is worth mentioning that 2 is absent since MA 20 h after heat treatment. As is well known, the composition of Ti-Al (50:50 in atomic ratio) is the dual phase region containing and 2 . The single region is located in 51{56 pct Al. Therefore, after heat treatment, it is prone to form rather than 2 with increasing MA time because of the higher homogeneity of the mixed powders. Moreover, the formation of Ti 2 Al(N, C) might precede the formation of 2 during annealing. Wang 17) has reported that the formation of Ti 2 AlN preceded the formation of 2 for the Ti-Al matrix containing N atoms during the heating process. In addition, it should be pointed out that the formation of Al 2 O 3 , which can be Preparation and Evaluation of Ordinary Attritor Milled Ti-Al Powders and Corresponding Thermal Sprayed Coatingstraceable to the picked up O content in the course of mechanical alloying, might contribute to the complexity of the reaction mechanism of the heat treated powders. Figure 8 shows the typical SEM images of the cross section of heat treated MA 20 h powders (SM 200). As shown in Fig. 8(b) , it is evident that fine dark particles homogeneously distributed in the powder matrix. In accordance with its associated XRD pattern, those dark particles are presumably Ti 2 Al(N, C) phase. However, due to the presence of small scales of Al 2 O 3 along with the existence of porosities in the heat treated powders, the identification of the dark phase might be kind of subjective.
Thermal sprayed coatings 3.3.1 Microstructure of coatings
XRD patterns of thermal sprayed coatings prepared by attritor milled SM 200 powder are illustrated in Fig. 9 . In addition to the formation of Ti 2 Al(N, C) phase, the trace of another kind of titanium based carbonitride phase-Ti(N, C) was observable and it became gradually prominent with increasing milling time. Moreover, a certain fraction of Ti phase was present in the coatings, especially in the MA 5 h and MA 11 h coatings, and oxide phase was surprisingly absent in all the fabricated coatings. Compared with the heat treatment conducted in the present study, thermal spraying process is a totally different thermal process with respect to the temperature distribution of the heat source and heating condition of the powders. Whereas the measurement of the velocity and temperature to the particles was not conducted in the present study, the velocity of the flying particles may range between a few tens of ms À1 and about 400-500 ms
À1
for particles fully or partially melted at impact, and the temperature of the flying particles varies from 1000 to 4500 C, as reported in the references. 18) Thus, the mechanism of phase formation in thermal sprayed coatings is quite different from that in the heat treated powders. Considering the higher velocity of the sprayed particles and the boiling point of Ti (3259 C) and Al (2520 C), the higher possibility of evaporation of Al during the flight of powder particle might reduce the opportunity of reaction between Ti and Al elements, especially for as milled powders in the early stage of mechanical alloying (MA 5 h, MA 11 h), which resulted in the higher content of Ti phase in those coatings. On the contrary, the higher possibility of evaporation of Al might facilitate the reaction between Ti and light elements (C, N) under high temperature, which leaded to the formation of Ti (N, C) phase.
The typical SEM observation results on the cross section of MA 20 h coating are shown in Fig. 10 . Under low magnification, as shown in Fig. 10(b) , the coating shows typical lamella structure associated with thermal spraying. The dark colored lamella is mainly composed of phase, while the light colored lamella is mainly composed of 2 phase, in accordance with XRD pattern of the coating. Under high magnification, as shown in Fig. 10(c) , presumably, the precipitated dark, titanium based carbonitride phases, can be observed in the intermetallic matrix. Due to the coexistence of micro-porosities, which appear in dark color in SEM image, especially BSE, distinguishing the precipitated hard phases from the micro-porosities is difficult.
Mechanical properties of coatings
In the present study, the highest value (average value) of Vickers microhardness of the coating cross section is 810 Hv (MA 20 h coating), which was achieved by increasing the milling time of spraying feedstock to 20 h. The hardness of TiAl casting is about 250 Hv (Maximum), 19) and 550 Hv (Maximum) for nitride dispersed sintered TiAl bulk. 13) Hoshiyama et al. 15) prepared Ti-Al-N composite powder by ball milling of elemental titanium and aluminum for about 84 h under nitrogen atmosphere, and the maximum value of microhardness of corresponding coating fabricated by LPPS is about 600 Hv as reported in their paper. On the other hand, Tsunekawa et al. 14) utilized RLPPS to fabricate nitride dispersed TiAl coating using premixed Ti/Al powder, and coating with improved hardness of about 700 Hv was fabricated by addition of Mn and Nb to the premixed powders and activation of the nitride formation by means of transferred arc. Although the indentation load is different, for example, 25 g in Ref. 13 ), the hardness obtained in the present research is fairly higher than the others. It indicates that the hardness of coating can be effectively improved by simply controlling the milling time of attritor milled elemental Ti and Al powder mixture. Figure 11 illustrates the relation between microhardness of the coatings prepared by attritor milled SM 200 powder and the relative intensity ratio of Ti(N, C) in each coating. The microhardness of thermal sprayed coatings is much higher than Ti alloy substrate (Ti-6Al-4V). Generally speaking, the relative intensity ratio of Ti(N, C) increases as a function of MA time and the microhardness of the corresponding coating seems to increase as a result. It should be pointed out that only little difference between the microhardness of MA 20 h coating and that of MA 25 h coating was presumably caused by the microporosities.
Finally, the relation between specific wear of the coatings prepared by attritor milled SM 200 powder and the relative intensity ratio of Ti(N, C) in each coating is shown in Fig. 12 . As for comparison, wear testing of Ti alloy substrate was conducted using the same testing condition. Its specific wear is approximately 188:9 Â 10 À7 mm 2 /kg. Compared with the specific wear of Ti alloy substrate, coatings fabricated in the present study exhibit much better wear resistance. It seems that dispersed carbonitride phases improved the hardness of coating as a function of its fraction and tended to reduce the rapid removal of materials by subsurface cracking and delamination. 
Conclusions
The present research has examined the preparation and characterization of ordinary attritor milled Ti-Al powders and corresponding thermal sprayed coatings fabricated by LPPS. The results of the present research can be summarized as follows:
(1) Pick-up of light elements, especially N and C, into metallic materials is intensified in ordinary attritor milling even at room temperature condition with both higher ball to powder ratio and longer milling time. (2) By introducing the milled powder prepared by the ordinary attritor milling into thermal spraying, Tibased, fine and homogeneously distributed carbonitride precipitates appeared preferentially in the coating. Fraction of precipitated hard phases, irrespective of heat treated powders or thermal sprayed coatings, depended strongly on the milling time of the powders. (3) It was found that the mechanism of phase formation in thermal sprayed coating is quite different from that in the normal heat treatment. That is, the higher possibility of Al evaporation during spraying might reduce the opportunity of reaction between Ti and Al elements, especially for as milled powders in the early stage of mechanical alloying, which resulted in the higher content of Ti in those coatings. On the contrary, the higher possibility of evaporation of Al might facilitate the reaction between Ti and light elements (C, N), which leaded to the formation of Ti (N, C) phase preferentially. (4) Due to the fraction increase of the precipitates, the mechanical properties of thermal sprayed coating were effectively improved by simply increasing the milling time of powder feedstock. 
